Wright State University

CORE Scholar
Browse all Theses and Dissertations

Theses and Dissertations

2010

Reservoir Analysis of The Clinton Interval in Stark and Summit
Counties, Ohio
Dominick Andrew Wytovich
Wright State University

Follow this and additional works at: https://corescholar.libraries.wright.edu/etd_all
Part of the Earth Sciences Commons, and the Environmental Sciences Commons

Repository Citation
Wytovich, Dominick Andrew, "Reservoir Analysis of The Clinton Interval in Stark and Summit Counties,
Ohio" (2010). Browse all Theses and Dissertations. 339.
https://corescholar.libraries.wright.edu/etd_all/339

This Thesis is brought to you for free and open access by the Theses and Dissertations at CORE Scholar. It has
been accepted for inclusion in Browse all Theses and Dissertations by an authorized administrator of CORE
Scholar. For more information, please contact library-corescholar@wright.edu.

RESERVOIR ANALYSIS OF THE CLINTON INTERVAL IN STARK AND SUMMIT
COUNTIES, OHIO

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science

By

DOMINICK A. WYTOVICH
B.S., Juniata College, 2008

2010
Wright State University

WRIGHT STATE UNIVERSITY
SCHOOL OF GRADUATE STUDIES
JUNE 7, 2010

I HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER MY
SUPERVISON BY Dominick Andrew Wytovich ENTITLED RESERVOIR ANALYSIS OF
THE CLINTON INTERVAL IN STARK AND SUMMIT COUNTIES, OHIO BE ACCEPTED
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF Master of
Science.

_______________________________
Doyle R. Watts, Ph.D.
Thesis Director

_______________________________
David Dominic, Ph.D.
Department Chair
Committee on
Final Examination

___________________________
Doyle R. Watts, Ph. D.

___________________________
Ernest Hauser, Ph.D

___________________________
David Dominic, Ph.D.

___________________________
John A. Bantle, Ph.D.
Vice President for Research and
Graduate Studies and Interim Dean
of Graduate Studies

ABSTRACT
Wytovich, Dominick A., M.S., Department of Earth and Environmental Sciences,
Wright State, 2010. Reservoir Analysis of the Clinton Interval in Stark and Summit
Counties, Ohio

The characteristics of a sandstone reservoir of Silurian age (the “Clinton
interval”) were analyzed using 382 geophysical well logs from the Dominion Gas storage
field located in Stark and Summit Counties, Ohio. These sandstones have long been
identified by the informal drillers’ terms, White, Red, and Stray Clinton. Gamma ray
logs were used to analyze the distribution of net stand thickness and its relation to initial
production through the construction of isopach and net sand isolith maps. I constructed
eight cross sections to identify and correlate the tops of three prominent sandstones and
two marine flooding surfaces to evaluate reservoir compartmentalization and
stratigraphic controls on production. The data indicate that areas with higher production
are not entirely controlled by lithology. The seismic signature of the Clinton interval is
controlled by thin bed tuning associated with side lobe interference. Multiple seismic
signatures are created by differences in velocity and lithologic thickness.
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1.0 INTRODUCTION
This study is a reservoir characterization of the Silurian age Clinton interval for
potential enhanced oil recovery in the East Canton oil field. I used data collected from
the North Canton gas field as an analog to the East Canton field. The objective of this
study was to analyze the Dominion Gas Storage Field throughout the areas of Stark and
Summit Counties, Ohio. In this investigation 382 wells and eight 2D seismic lines were
used to characterize the Clinton interval and its subunits, White, Red, and Stray Clinton.
Reservoir analysis includes; construction of isopach and net sand isolith maps for the
total Clinton interval and detailed maps of its subunits. I used isopach maps to determine
the variation in thickness throughout the study area. Net sand maps show the variability
of sand and shale proportions related to the source area and the basin center during Lower
Silurian deposition. Net sand maps were also related to initial production values to
determine if lithology is a controlling factor on production in the Clinton interval. Cross
sections were built throughout the study area to determine stratigraphic continuity of sand
bodies and to examine reservoir compartmentalization. 2D seismic data revealed
potential events within the Clinton interval, and are modeled using Promax and GX 2
modeling software to explore potential thin bed tuning and side lobe effects
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1.1 CLINTON INTERVAL DESCRIPTION AND LOCATION
The sandstones in the Lower Silurian of northeastern Ohio have produced oil and
gas for over a century. However, the interval between the Queenston Shale and the
Dayton Formation has no formal stratigraphic designation, but is identified as an informal
stratigraphic unit, the Clinton formation, by the Ohio Geological Survey (Slucher, 2004).
Because of this informal status, the units studied here are referred to as the Clinton
interval. The Clinton is divided into three sandstone bodies which have long been named
by drillers as the White, Red, and Stray Clinton in ascending order.
The study area is located in Stark and Summit Counties, Ohio, in Jackson,
Lawrence, Green, and Franklin Townships (Figure 1.1). Hydrocarbon exploration in the
North Canton gas field began in the 1930s and was later transformed in the 1960s to a
natural gas storage field. This area is currently operated as a gas storage field by the
Dominion East Ohio Gas Company, formerly The East Ohio Gas Company. Well
locations and seismic lines are concentrated in Stark County, Jackson Township and a
few seismic lines continue into Lawrence Township to the west. Additional wells are
located to the north in Green and Franklin Townships, Summit County.

2
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1.2 PREVIOUS WORK ON THE CLINTON THROUGHOUT OHIO
1.2.1 STRUCTURAL AND STRATIGRAPHIC SETTING
Characteristics of the Clinton interval were first presented by Bonine, (1915).
According to Bonine, the Clinton interval extends east from the flank of the Cincinnati
Arch to the western edge of the Appalachian Basin. He determined that hydrocarbon
accumulation was controlled by anticlinal structure. He was unable to determine if this
structural mechanism for the entrapment of hydrocarbon was local or could be extended
regionally. Peper (1953) inferred that local variations in dip generate discrete areas
which appear to be a positive setting for hydrocarbon traps, but the lack of structural
closure makes them insignificant in entrapment of oil and natural gas Lockett and
Cottingham (1927) suggested that stratigraphic pinch-outs related to shale and sandstone
bodies provide a better explanation for accumulation of hydrocarbon resources than
structure. Walters, (1980) suggested that within the Clinton interval structural controls
on hydrocarbon accumulations should be given increased attention, but the primary mode
of entrapment is stratigraphic. Knight (1969) inferred that the Clinton is interfingered
deltaic sand and shale bodies and is a very common stratigraphic trapping mechanism
throughout the region. Knight’s investigations of the Clinton interval reveal that
hydrocarbon accumulation occurs at a depth of 4000-5300 ft and is primarily controlled
by stratigraphy, while structure is negligible.

1.2.2 RESERVOIR UNITS
The name Clinton is an informal name used by drillers relating to early Silurian
sands of the Albion Group in Ohio. However, these sands are not equivalent to the
4

Clinton Formation of New York ( Peper, 1953). Previous work correlated the Clinton
interval to the Clinton Formation of New York as discussed by Lockett (1949) and
Knight (1969). Keltch (1985) identified the reservoir units of the Clinton interval
between the upper Dayton Formation, referred to driller’s as the Packer Shell, and lower
basal unit, the Medina sandstone, confined by the upper and lower tongues of the Cabot
Head Shale. Knight (1969) described the Clinton interval as sandstone beds intertongued with shale units. These inter-tongued strata are divided into the three driller’s
subunits; White, Red, and Stray Clinton. Peper (1953) identified the Stray Clinton
thickness to be approximately 25 feet ranging up to 50 feet. The Red Clinton may reach
thicknesses of 50 feet, and the White Clinton reaches thicknesses as much as 60 feet.
Since no outcropping of the Clinton interval sands exist in Ohio, research was conducted
on driller’s records, cores, and well log data.

1.2.3 PRODUCTION
Overbey (1971) stated the sandstones in the Lower Silurian of northeastern Ohio
have produced oil and gas for over a century. Production within the Clinton interval is
related to the proper combination of several factors. The variable presence of clay within
the Clinton subunits may have helped to preserve original porosity by preventing excess
silica cementation. He also described, jointing and microfractures as being present within
the Clinton interval and are seen as bedding plane fractures, and vertical or inclined
fractures.

5

1.2.4 LITHOLOGY
The White Clinton is the lowermost reservoir unit. Keltch (1985) identifies White
Clinton overlying the lower tongue of the Cabot Head Shale. The White is characterized
as a very fine to fine-grained light gray sandstone interbedded with dark gray shales. The
sandstone units of the White are normally massive with vertical fractures. Silica is the
major cement type, but anhydrite, dolomite, and calcite do occur. Thin sandstone units of
the White commonly occur with interlaminated and interfingered shales ranging from
four inches to less than an inch in thickness. The greatest porosity is seen in massive
sandstone units greater than 3 feet. The porosity in thinly interbedded sandstone and
shale units is less than 2 percent (Smiraldo, 1985).
Overlying the White is the Red Clinton. The Red is composed of a very fine to
fine-grained sandstone and coarse siltstone interbedded with clay and silty shale. Shale
and sandstone units within the Red vary in clay content. Clean sandstone units within the
Red are commonly massive consisting of well sorted grains that vary from pink to red.
Rock fragments are prevalent and include; red-brown, rip-up, mud; silt; and sandstone
clasts. The cement type is commonly silica, but there are minor amounts of hematite,
anhydrite, and carbonate. Hematite staining of clay grains is responsible for the red color
of the unit. Porosity in the Red Clinton sandstones ranges from 3-9 percent (Smiraldo,
1985).
The top of the Clinton interval is marked by the Stray Clinton. The Stray is
characterized by a very fine to fine-grained cross-laminated sandstone with interbedded
partings of dark gray silty shale and dolomite. Variable clay contents are found within
the Stray (Smiraldo, 1985).
6

1.2.5 DEPOSITIONAL HISTORY
In the early Silurian seas, transgression ended with the initial deposition of
prodelta mudstones of the lower Cabot Head Shale. This deposition marked the onset of
a deltaic system. The White and Red Clinton were deposited as delta front and delta
plain strata when sediment supply increased from the east. The Red Clinton corresponds
to the maximum progradation of the Clinton deltaic system. The deposition of the Red
Clinton was followed by a decrease in sediment supply and the onset of a marine
transgression. The White and Red Clinton sediments were then reworked into thin
sandstone bodies corresponding to the Stray Clinton. Transgression continued and
produced the marine shales of the upper Cabot Head and shelf limestone of the Dayton
Formation (Keltch, 1985).
Wagner (1978) interpreted the Clinton interval as a tide-dominated, marginal
marine environment. Wagner interpreted the interval as subtidal channel and tidal flat
facies. He believed regional basin subsidence and the lateral migration of tidal channels
across the tidal flat environment caused adjacent facies to deposit as fining upward
cycles.
Motia (1984) believed the Clinton interval was deposited in a deltaic environment
with a variety of complex subenvironments. Motia interpreted the White Clinton as delta
front deposits in a marine environment. He inferred the Red Clinton as a transitional
phase of the delta system, while the Stray Clinton is described as a subaerial deltaic plain
facies of a complex delta system.
Overbey (1971) interpreted the Clinton interval deposition as the result of the
dying pulse of the Taconic orogeny. Extensive erosion caused an increased influx of
7

clastic materials into the depositional basin. The Red and Stray Clinton were deposited
in a marginal marine deltaic environment during a regressive sequence determined from
observed mineralogy, textures, and sedimentary structures. A minor transgression is
thought to have interrupted deposition between the Red and Stray units. This disruption
is inferred from by the presence of thin clastic fossiliferous limestones along with
decrease in sediment grain size. The Red Clinton was deposited as a delta bar, beach
complex consisting of tidal channel and wave deposits, while the Stray is thought to
include subenvironments of the subaerial delta.

1.2.6 SEISMIC
In Ohio, the Clinton interval was never considered a seismic exploration target.
Methods for oil and gas exploration instead dominantly included analysis of well logs for
construction of subsurface structure and isopach maps (Shafer, 1985)
In August of 2006 with the collaboration of The Midwest Regional Carbon
Sequestration Partnership, 2D seismic data were acquired over the Burger Test Site, south
of Shadyside, Ohio. Ten miles of data were collected with a source of four vibroseis
trucks. The White Clinton reflection shows coherency with little variation in its
signature. In some areas, however, both the amplitude and the shape of the reflection
change. The White Clinton is determined a seismic reflector and identified as a potential
reservoir where changes may be detectable after CO2 injections (Gerst, 2007).
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2.0 DATA COLLECTION AND PREPARATION
I collected data with the collaboration of the Ohio Geological Survey and the
Dominion East Ohio Gas Company. Geophysical well logs, initial production (IP) values
estimated ultimate production (EUR), well shut in pressures and other data were collected
for the North Canton Dominion Gas Storage Field in Stark and Summit Counties, Ohio.
Geophysical logs generally consisted of cased-hole gamma-ray and neutron logs. Few
open-hole logs were obtained throughout the study area and these did include density
logs. Processed 2D seismic data was received from the Dominion East Ohio Gas
Company.
Specific types of computer file extensions will be referred to in the following
sections. Log data was supplied by the Ohio Geological Survey as hard copies.
Dominion Gas supplied logs in tiff format. The paper logs were scanned using neuroscan to produce tiff images. Gamma-ray, neutron, and bulk density curves were digitized
using neurology. This process converted tiff to las format.
Excel spreadsheets were built to produce well header files which could be
uploaded into Petrel containing each well API number, well coordinates, surface
elevations, and total depth of the well. I imported excel files into Petrel to create each
well location which allowed for las files to be uploaded into Petrel. Gamma ray las files
were imported into Petrel and displayed in a processing window for stratigraphic
interpretation.
9

2.1 PETREL STRATIGRAPHIC TOPS INTERPRETATION
Stratigraphic tops were picked in Petrel using sequence stratigraphic principles.
The Clinton interval has long been divided into the subunits known by drillers as the
White, Red, and Stray Clinton. These subunits are assumed to be parasequences which
are defined to be relatively conformable succession of genetically related beds or bedsets
bounded by marine flooding surfaces and their correlative surfaces (Catuneanu et al.,
2009). I picked the tops of the White, Red, and Stray Clinton parasequences using the
signature of gamma ray logs to identify marine flooding surfaces that define them. Ryder
(2004) interpreted a trangressive systems tract to include the top of the lower Cabot Head
Shale and the basal zone of the White Clinton. In this study Ryder’s interpretation is
adopted and used to define marine flooding surface 1. The next higher (marine flooding
surface 2) defines the base of the Red Clinton. The White and Red Clinton
parasequences coarsen upward whereas the Stray Clinton fines upward (Figure 2.1).

10
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3.0 RESERVOIR COMPARTMENTALIZATION
I constructed eight cross sections (See Appendix A) using 144 wells in Stark and
Summit Counties (see Figure 3.1 for locations). The cross sections show potential
reservoir compartmentalization and the lateral extent of individual sandstone units in the
Clinton interval and its subunits White, Red, and Stray. The cross sections extend
through four townships including, Green and Franklin, Summit County and Jackson and
Lawrence, Stark County. Cross sections 1 – 4 are oriented northwest-southeast along
regional depositional dip, while cross sections 5 – 8 are oriented north-south along
depositional strike. The distance between wells is variable and each of the 144 wells is
located on a cross section. The datum used for correlation is the base of the Dayton
Formation. The tops of the White, Red, and Stray Clinton and two marine flooding
surfaces are picked at each well location when possible.

12
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3.1 NORTHWEST-SOUTHEAST DIP SECTIONS
Cross section 2 shows generalized details of transects along regional depositional
dip. Interpretations of data are from a comparison of created cross section and Ryder’s
(2000 and 2004) interpretations. Other cross sections are referenced to note differences.
Depositional dip sections are oriented northwest-southeast through the study region.
Section 2 transects entire length of the study area, east-west. Section 1 is located south of
section 2, while section 3 and 4 are located north (Figure 3.1).
The top of the White Clinton is commonly associated with a massive sandstone
body. Many of the wells in the study do not fully penetrate the White Clinton. Wells that
are drilled and completed below the base of the White Clinton display a coarsening
upward sequence characterized by minor or no sandstones at the base. The sequence
coarsens upward to a massive sand marking the top of the unit. Other areas in the White
Clinton show massive sands at the base extending the entire length of the unit. These
areas are interpreted as channel deposits amalgamated across erosional surfaces. The top
of the White is most frequently represented by a massive sandstone with a blocky gamma
ray signature. These sands display the greatest lateral continuity throughout the study
area.
The Red Clinton is a coarsening upward sequence with a decreasing gamma ray
value near the top. Sandstones at the base of the Red are thin and discontinuous. The
coarsening upward signature of the Red is defined most commonly by massive sandstone
with a blocky gamma ray signature similar to the White Clinton. This is interpreted as
the maximum regression of sea level recorded in the Red Clinton. Upper Red sandstones
display greater lateral continuity than basal units. Upper sandstones correlate well
14

through the section, and show a definite increase in shale content and decrease in sand
thickness to the west. Continuous sandstone bodies are also seen throughout the Red
(Cross Sections 1, 2, and 3). These areas are interpreted as stacked sandstones units.
The Stray Clinton is defined by a fining upward sequence composed of small sand
bodies with minimum thickness and lateral extent. Stray sandstone bodies in some areas
increase in thickness at the base. These areas are commonly adjacent to the top of the
Red Clinton (Cross Section 1, 2, 3, and 4). This thick basal sand body resulted from the
stacking of multiple sandstone units.

3.2 NORTH-SOUTH STRIKE SECTIONS
Cross section 5 shows generalize details of transects along depositional strike.
Other cross sections are referenced to note differences. Depositional strike sections trend
north-south through the study area and have less stratigraphic variations. Section 5 is
located in the eastern half of the study area with cross section 6, 7, and 8 located to the
west (Figure 3.1).
The White Clinton top is defined by massive sandstone associated with a
coarsening upward succession. The gamma ray signature is blocky and similar to dip
cross sections. The upper White sandstone was correlated the entire length of cross
section 5. Cross section 6 displays an increase of clean sandstone in the White Clinton,
but lack of data prohibits correlation throughout the cross section. Further to the west in
cross sections 7 and 8, the White Clinton sandstones are reduced in thickness and purity,
but the lack of data makes correlation difficult. Cross section 5 and 8 clearly display a
decrease in the amount of sandstone to the west.

15

The Red Clinton shows a coarsening upward succession.

The massive sandstone

in the upper Red is associated with maximum sea level regression. This sandstone is
correlated the entire length of the section 5. Basal sands in the Red are thin and
discontinuous and show less lateral continuity. When compared to the White Clinton, the
Red displays decreased thickness, lateral continuity, and sand quality.
The Stray Clinton shows a fining upward succession corresponding to increasing
gamma ray values. Stray sandstone bodies are thin and discontinuous with relatively
poor sand quality. The base of Stray shows an increase in sandstone thickness and lateral
continuity. This is interpreted as multiple sand bodies stacked upon the maximum
regress surface in the Red Clinton. Stray sandstones decrease in lateral continuity west to
the basin center.

16

4.0 CLINTON INTERVAL ISOPACH MAPS
I created isopach maps for the Clinton interval and each subunit, White, Red, and
Stray Clinton. Isopach maps were constructed to locate thickness trends within the study
area. Values from well locations were used only if the base of the subunit is penetrated.
The White Clinton isopach was generated by totaling the thickness between marine
flooding surface 2 and the top of the White. The thickness between the top of the White
and Red was used to create the Red Clinton isopach. The Stray Clinton isopach was
generated by totaling the thickness between the top of the Red and Stray Clinton.
I constructed isopach maps using natural neighbor interpolation in ArcGIS 9.3.
The outcome of this interpolation is represented by shaded contour maps. Standard
contour maps were constructed from a gridded interpolation and manually edited.
The Clinton Interval isopach was constructed using 68 wells in the study area.
The thickness of the Clinton ranges from 60 to 110 feet and has an average thickness of
85 feet. Areas of decreased thickness trend southeast, northwest in Figure 4.1 and 4.2.
This confirms Knight’s (1969) interpretation relating to the thinning of the entire Albion
Group to the west. In eastern locations of the study the Clinton shows an increase in
thickness. The greater thickness maybe related to the proximity of the source area to the
east.
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I used 68 well locations to generate the White Clinton isopach. A limited number
of wells in the study area are logged through the White resulting in a lower well density.
The thickness of the White Clinton ranges from 15 to less than 50 feet. The average
thickness of the White in the study area is 35.5 feet. The isopach map produced (Figure
4.3 and 4.4) shows a decrease of the White Clinton southeast northwest. A minor linear
trend of lower thickness extends from southeast, northwest through an area of greater
White thickness. The White Clinton isopach shows less variation than the Red, and is
comparable to the Stray.
The Red Clinton isopach was constructed using 326 wells that fully penetrate the
base of the unit. The density of wells increases from White to Red producing a more
accurate isopach map than previously constructed for the White Clinton (Figure 4.5 and
4.6). The thickness of the Red Clinton ranges from 15 to less than 60 feet with an
average thickness of 33 ft. The Red and White Clinton are comparable in average
thickness. Areas of lower thickness are scattered throughout the study area while higher
thicknesses trend southeast, northwest. The Red Clinton shows greater thickness values
through the middle of the study area. Ryder (2004) interpreted areas with greater
thickness as barrier bar and shoreface deposits.
I created the Stray Clinton isopach from 381 wells that are interpreted to fully
penetrate the Stray unit (Figures 4.7 and 4.8). The thickness of the Stray Clinton ranges
from 10 to 40 feet and has an average thickness of 22.5 feet. The Stray has a lower
average thickness when compared to the White and Red Clinton. The general trend is
consistent with the White Clinton showing decreased Stray thickness to the northwest.
20

Areas of increased thickness are seen as isolated pods and are heavily concentrated in
eastern locations of the study area.

21

22

23

24

25

26

27

5.0 CLINTON INTERVAL NET SAND ISOLITH MAPS
I created net sand isolith maps for the Clinton interval and its subunits to show the
accumulation of reservoir sands throughout the study area. Gamma ray cutoffs of 50 and
75 percent clean net sand were used to create these maps. The total accumulation of net
sands was determined from the signature of a normalized gamma-ray.
5.1 NORMALIZATION OF GAMMA RAY CURVE
To normalize each gamma ray log, the maximum and minimum API values were
used for each log. The gamma ray log for each well is normalized using a deflection
from a shale base line (Knight, 1969). The 100 percent shale value is input as the highest
gamma ray reading in the .las file. The 100 percent sand vale or zero percent shale is
recorded from the Dayton Formation. The assumption is the Dayton Formation
(limestone) gamma-ray response is equivalent to a clean sandstone. Values from the
gamma ray log were entered into the formula (100-((a-x)*100/(y-x))) in Excel. This
converts each gamma-ray log into a normalized version that represents net sand.

a = Original gamma-ray reading from las file.
x = Gamma-ray reading from Packer shell (0 % shale line)
y = Gamma-ray reading from 100% shale line

28

This process accounts for the variations in gamma-ray logging tools and creates a
normalized log that represents the accumulation of net sand associated with each well.
5.2 DISCRETE LOG
Using Petrel I created a discrete log that can be applied to the normalized gammaray signal. This log is created using an “IF” statement in the Petrel calculator application.
Values used in the IF statement were based on net sand greater than 90%, 75-90%, 5075%, and less than 50% clean sand. This application divides the normalized gamma ray
logs into the defined cutoffs and displays them in the log. The total thickness of these net
sand values were totaled for each the Clinton interval and each subunit. The total
thickness was converted to a percentage to normalize each subunit, White, Red, and Stray
Clinton. These values were used to create greater than 50 and 75 percent net sand isolith
maps for each the Clinton interval and subunits.

5.3 CLINTON INTERVAL ISOLITHS > 50% CLEAN SAND
Isolith maps were created using a 50% or greater clean sand cut off. The 50% and
greater cutoff provides a general interpretation of sands throughout the study area. Net
sand for the total Clinton interval is expressed in total feet, while subunits are defined by
percentages of sand in the subunit.
Greater than 50% clean sand values in the Clinton interval range from 0-90
percent clean sand (Figure 5.1 and 5.2). The highest percentage of clean sand is located
in the southeastern parts of the study area. Areas of 40-50 percent clean sand are
scattered throughout the study area, while shale content increases to the west. A minor
east west linear trend shown as isolated pods of greater sand percentages is located in the
southern portions of the study area, but is truncated due to the extent of well coverage.
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Greater than 50% clean sand values in the White Clinton range from 0-100%
clean sand (Figure 5.3 and 5.4). The White shows the greatest percentage of clean sand
in the east. An increase in shale content is shown gradually to the west. The outer extent
of the wells on the western edge of the study area show an increase in sand percentage,
but due to lack of coverage the extent of sand cannot be mapped. In the central part of
the study area two northeast, southwest linear trends of decreased sand content cut
through the study area. Overall, the White is found to have higher percentages of clean
sand with greater lateral continuity than the Red and Stray Clinton.
Greater than 50% clean sand values in the Red Clinton range from 0-100% clean
sand (Figure 5.5 and 5.6). Greater clean sand proportions are seen as isolated pods
trending east west in the northern and southern parts of the study area. Pods are
discontinuous resulting in a separation of clean sand contours by lower portions of clean
sand thicknesses. The greatest percentage of clean sand is located in the east with
increasing shale content to the west. The central portion of the study area is associated
with increased shale content. The Red and White Clinton both have areas of sand
percentages between 90-100 percent, but the Red displays these areas as isolated pod
with minimal lateral continuity.
Greater than 50% clean sand values in the Stray Clinton range from 0-90% clean
sand (5.7 and 5.8). Isolated pods with greater percent of clean sand proportion tread east
west across the study area. The greatest percentage of clean sand is located in the eastern
and southern most portions of area. Isolated pods of the increased sand percentages
extend to the west as overall shale content increases. Northern locations show lower
clean sand percentages. The Stray Clinton displays lower sand percentages than the Red
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and White Clinton. The Red and White Clinton display greater net sand lateral
continuity, which in consistent with cross sections throughout the study area.
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5.4 CLINTON INTERVAL ISOLITHS > 75% CLEAN SAND
Percent sand isolith maps with greater than 75% clean sand were created to see a
detailed scaling of potential trends in the cleanest portions of the Clinton interval.
Isoliths were created for the Clinton interval and its subunits; the White, Red, and Stray
Clinton. Net sand for the total Clinton interval is expressed in total feet, while subunits
are described by percentages of sand in the complete subunit.
Total accumulation of net sand in the Clinton interval greater than 75% is shown
in figure 5.9 and 5.10. The range of net sand thickness associated with the Clinton
interval within the study area ranges from 0 to 35 ft. The greatest portions of net sand are
located to the southeast. Other areas with increased clean sand are scattered throughout
the field as isolated pods. Minor linear trends are associated with ranges of clean sand
between 10 and 20 feet. The decrease in clean sand in the eastern portions of the area fits
the interpretation of the transition into deeper water with less energy resulting in
increasing shale content.
Greater than 75% clean sand values in the White Clinton range from of 0-80 clean
sand (Figures 5.11 and 5.12). The greatest proportion of clean sand is located in the
southeastern portion of the study area consistent with the interpreted basin center. The
White net sand percentages show gradual shift to increasing shale contents to the west.
The White contains the greatest percentages of clean sand in the Clinton interval across
the study area. Overall the White Clinton has much less variation compared to the Red
and Stray Clinton.
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Greater than 75% clean sand values in the Red Clinton range from 0 to 45 percent
clean sand (Figure 5.13 and 5.14). Greatest percentages of sand are located in the eastern
portions of the study area. The greatest clean sand percentages are displayed as isolated
pods with minor linear extent. The Red Clinton shows a dramatic increase in shale
content to the northwest with clean sand percentages ranging from 0-5%. When
compared to the White and Stray Clinton, the Red displays the most evidence for a
paleocurrent direction as isolated pods trend northeast southwest. This is consistent with
Keltch (1985) interpretation of paleocurrent direction in eastern Ohio. These pods of
clean sand have been interpreted as bar deposits of a marine delta.
The Stray Clinton’s greater than 75% clean sand values range 0-12 percent
(Figure 5.15 and 5.16) Very few wells in the area contained sand bodies with greater
than 75% clean sand. The southernmost portion of the study area contains the greatest
amount of clean sand, whereas northern areas contain virtually no sand body’s cleaner
than 75%. Areas of increase clean sand proportions in the Stray are seen as isolated pods
with minor lateral extension. The Stray contains the lowest percent of clean sand when
compared to the White and Red Clinton.
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6.0 PRODUCTION VS. LITHOLOGY INTERPRETATION
Initial production data gathered from well record cards were collected for wells in
Stark County, Jackson Township, to compare the interpreted lithology to the wells
performance. Initial well production values were recorded after the well is shot with
nitroglycerin by the Independent Torpedo Company as most of these wells were
completed during the 1930’s. Dominion Gas hydraulically fractured many of these wells
to increase performance and storage capabilities when the field was converted to a
storage facility.
Initial production values from well records were plotted and contoured in ArcGIS
resulting in Figures (6.1 and 6.2). The resulting contours show areas of greater
production as isolated pods with a minor linear trend northwest, southeast throughout the
study area. To link lithology to the initial production of an individual well, the net sand
thickness of greater than 50% clean was compared to production values.
The total net sand thickness of the Clinton interval greater than 50% clean was
plotted against initial productions values in Figure 6.3. Well locations with both high and
low net sand thicknesses (ft) show initial production values 5000 mcf or less. Wells with
high initial production values between 12,000 mcf and 20,000 mcf contained net sand
thicknesses between 30 and 65 feet. The spatial distribution of net sand related to
production was also investigated.
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Figure 6.3 Graph of the Clinton Interval Total Net Sand Thickness greater than
50% Clean Sand Vs. Production

Initial production values are plotted on the 50% clean net sand isolith map to see
spatial distributions of net sands throughout the study area (Figure 6.4 and 6.5). Well
locations with the highest production are located in areas with moderately thick net sand
values. Regions with low net sand thickness displayed moderate to low production.
Regions with the greatest thickness of net sand area linked to areas with moderate to low
production.
After comparing interpreted lithologies from gamma-ray logs to initial production
values in the study area, it is evident that lithology is not the only supporting factor for
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greater production. Some areas show a relevant sand thickness corresponding to initial
production values which support evidence for some lithologic control. Conversely, areas
with greater net sand thickness were seen to have moderate to low productions, while
areas with a lower clean sand thickness displayed greater initial production.

Therefore,

lithology of the Clinton interval is not the only sustaining component for greater
production. By using initial production values, well sites where not subjected to multiple
performance modifications. Considering this factor and supporting other controlling
attributes of production, one can suggest natural and induced fracture systems as an
additional component that help support increased production from the Clinton interval.
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7.0 DEPOSTIONAL ENVIRONMENT INTERPRETATION
The depositional environment of the Clinton interval has long been interpreted as
a tide-dominated, marginal-marine delta. (Wagner, 1978 and Overbey, 1971). The
shoreline during the time of Clinton deposition trended northeast, southwest with the
basin center to the northwest (Keltch, 1985). This is clearly defined by Figure 5.11 and
5.12. Knight (1969) interpreted the differences among the White, Red, and Stray Clinton
intervals to variations within deltaic environments.
Ryder (2000 & 2004) analyzed the regional relationships (West Virginia,
Pennsylvania, New York, and Ohio) for the Ordovician through Silurian strata and placed
these units in a sequence stratagraphic context. Importantly, his interpretation shows
portions of the Clinton interval occuring in two sequences, (i.e.sequence 1 and sequence
3). Figure 7.1 shows the Clinton interval studied here is consistent with Ryder’s
interpretations. Ryder relates the White and Red sandstones of the Clinton interval to the
high stand systems tract, sequence 1. Gamma ray responses show a coarsening upward
signature that is consistent with the studied area. These sandstones are interpreted as
barrier bar and shore face deposits. Ryder’s interpretation for the sequence 3 basal
boundary is an unconformity that is associated with a ravinement surface. The Stray
Clinton constitutes the majority of the transgressive systems tract. These sandstones are
interpreted as fluvial and estuarine deposits with upward increasing clay content. This is
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consistent with the Stray Clinton in the Stark and Summit study area placing Ryder’s
interpreted ravinement surface at the top of the Red Clinton.
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The transgressive systems tract that marks the top of the lower Cabot Head Shale
is the basal zone of White Clinton interval. This marine flooding surface represents the
greatest rise of eustatic sea level (Ryder 2004). The White Clinton is characterized by a
general increase in grain size and angularity upwards (Knight, 1969). This general
increase in grain size is consistent with the McCabe core in Marlboro Township which
was examined in May 2009 at the ODNR Core Warehouse. Marlboro Township is east
of the study area. Areas of small scale cross stratification, clasts, burrows, and fossils are
also seen. This coarsening upward grain size is associated with a decreasing upward
gamma ray response from the base of the marine flooding surface in sequence 1. The top
of the White Clinton interval is located within the high stand system tract. Cross Section
5, (Appendix 1) shows an area where a dominate shale layer is terminated by a sand
deposit. This feature has been interpreted as an interfingering of river systems
corresponding with erosion and deposition. Areas of higher net sand accumulations are
interpreted as river bars. The second marine flooding surface in the Clinton interval is
just above the top of the White and marks the base of the Red Clinton (Ryder, 2004).
The second marine flooding surface in the Clinton interval marks the base of the
Red Clinton. The gamma ray response of the Red Clinton coarsens upwards into the
cleanest sand interval marking the base of the Stray. Cross section 5 (Appendix 1) shows
well logs with an increase in clean sand and thickness. This is also evident in figures
5.13 and 5.14. These areas are interpreted as stacked sand bodies amalgamated across
erosional surfaces. This feature is also seen in cross section one, two, and three
(Appendix 1) and are interpreted as areas in the Red Clinton associated with river bar
deposits.
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The Stray Clinton is distinguished from the Red Clinton by angularity and grain
sizes that decrease upward (Knight, 1969). This fining upward signature of the Stray is
terminated by a final marine flooding surface in the Clinton. This flooding surface marks
the base of the upper Cabot Head Shale member. Increases in sand and basal sand
continuity are seen in cross sections one, three, and five (Appendix 1) and relate to figure
5.7 and 5.8. These increases in basal sand thickness are associated with stacked sand
bodies
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8.0 FORWARD SEISMIC MODELING AND INTERPRETATION
I modeled eight 2D seismic vibroseis lines using Promax and GX II software to
explore potential thin bed tuning and side lobe effects within the Clinton interval. Well
logs within the fresnel zone of any seismic line that reached the top of the White Clinton
were used as control logs to characterize the seismic signature of the Clinton interval.
Earthwave GX II release 2.7 is used to produce synthetic models of the Clinton
interval. The modeling parameters used are consistent with actual field acquisition data.
Common depth points (CDP’s) have a 55ft spacing. A zero offset geometry is used to
simulate stacked, migrated data. Seismic traces were generated to a length of 100ms with
a 2ms sample interval. The Klauder wavelet filter was applied to the seismic model with
a bandwidth of 15 to 85 hertz to accurately simulate the symmetrical zero-phase vibroseis
wavelet as extracted from the actual data. Simplified models of the Clinton Interval were
first produced to observe side lobe interference effects of the vibroseis wavelet.
8.1 CONSTANT LITHOLOGY, THICKNESS, AND VELOCITY
The most basic models produced used the following parameters in ascending
order. The Queenston Shale was modeled with a velocity of 14,000 feet per second (ft/s)
and a density of 2.5 g/cm3. The sandstone equivalent of the Medina sandstone was
modeled with velocity of 16,000ft/s and density of 2.65 g/cm3. The Clinton interval was
modeled with a velocity of 17,000 ft/s and a density of 2.65g/cm3. The Dayton
Formation was modeled with a velocity of 18,700 ft/s and a density of 2.8 g/cm3, and the
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Rochester shale with a velocity of 14,000 ft/s and a density of 2.5 g/cm3 (Figure 8.1).
Using the parameters described above a seismic signature is produced (Figure 8.2).

The top of the Dayton Formation is defined by a coherent positive reflection at
approximately 14 milliseconds (ms) and its base as a negative reflection at approximately
22ms. The negative reflection at approximately 34ms is associated with the Medina
sandstone. The signature of the Clinton interval is the result of thin bed tuning and
constructive and destructive interference effects dealing with side lobe reflections from
both the top and bottom of the Dayton Formation and the Medina sandstone.
In this most basic model the Clinton interval is simplified into a constant
lithology, thickness, and velocity. The result is a positive reflection associated with the
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primary side lobe of the base of Dayton Formation reflector at approximately 28ms. The
reflections seen below the Medina sandstone are an artifact produced by the side lobes of
the zero phase vibroseis wavelet.
8.2 CONSTANT THICKNESS WITH LATERAL VELOCITY VARIATION
To further investigate the signature of the Clinton interval seismic signature and
side lobe effects, I modeled the Clinton interval with lateral variations in velocity but
kept the unit thickness constant. Velocities vary from left to right starting with a
14,000ft/s to 17,000ft/s. The synthetic seismic results are displayed in Figure 8.3.
The variation in the velocity of the Clinton interval from left to right causes a
change in both the primary side lobes of the Medina sandstone reflector and the base of
Dayton Formation reflector. On the left where the Clinton interval is represented at
14,000ft/s, the Medina corresponds to a negative reflection at approximately 35ms. As
the model velocity changes to the right to 17,000ft/s the amplitude of the Medina primary
side lobe is attenuated. The primary positive side lobe of the base of Dayton Formation
starts on the left at approximately 28ms with a strong amplitude and decreases in
amplitude to the right. The seismic signature of the primary positive side lobes of the
Medina sandstone and base of Dayton Formation are affected by the increase in velocity
to the right. Side lobes from reflections above and below the Medina sandstone interfere
due to the changes in velocity resulting in an attenuation of the positive side lobes.
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8.3 THICKNESS VARIATION WITH CONSTANT VELOCITY
The forward modeling of the Clinton interval with a constant velocity and a
variation in thickness is represented in figure 8.4. Thicknesses range from 60 to 100ft.
The synthetic seismic signature produced shows a change in the Medina sandstone
reflection and the primary side lobe of the base of Dayton Formation (Figure 8.5).
The Medina sandstone is shown as a negative reflection positioned at
approximately 40ms on the left edge of the model. As it proceeds from left to right, its
reflection is broadened and increased to a greater time of approximately 43ms. As the
Clinton interval increases in thickness the two way travel time to the Medina sandstone
becomes greater. The increase in amplitude of the primary side lobe of the base of
Dayton Formation is due to constructive interference of Medina sandstone side lobes due
to the increase in thickness and velocity.
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8.4 THICKNESS AND LATERAL VELOCITY VARIATIONS
Forward modeling of the Clinton interval with varying thickness was broaden to
encompass lateral velocity changes throughout the interval. The thickness of the model
was held constant placing the thinnest layer on the left with a gradual increase to the
right. Velocities of the Clinton interval were altered at the left and right portions of the
model to see the changes in the synthetic signature.
The first model produced integrated a velocity of 14,000ft/s on the left increasing
to a 17,000ft/s to the right (Figure 8.6). The Medina reflection was held constant at
~41ms showing a gradual broadening corresponding to faster velocity. The primary side
lobe of the base of Dayton Formation is absent on the right side of the model and
increases in amplitude to the right at approximately 34ms. This absence of the side lobe
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is due to a thin Clinton interval with a 17,000ft/s velocity. The increase in amplitude is
due to the thickening of the Clinton interval.

In the second model the velocity parameters were varied with 17,000ft/s on the
left and 14,000ft/s on the right (Figure 8.7). The Medina reflection is located at
approximately 40ms on the left and is broadened to the right. The primary side lobe of
the base of Dayton Formation is completely attenuated on the left corresponding to an
increase in amplitude to the right. Changes of velocity and thickness alter the location of
side lobes, which alters the amplitude of reflections based on interference effects.
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8.5 SYNTHETIC SEISMIC REPLICATION OF CLINTON INTERVAL
The basic modeling above illustrates that changes of acoustical impedance within
the subsurface due to velocity or lithology (density) of a layer has an impact on the
resulting seismic trace in regards to both time and amplitude. The changes of velocity
cause the primary and secondary side lobes of the zero phase vibroseis wavelet to
destructively and constructively interfere causing the primary variations in the seismic
signature of the Clinton interval. These effects become more complicated because of the
multiple lithologic changes within the Clinton interval that change the acoustical
impedance.
The Clinton interval is a complicated set of interbedded sandstone and shale and
causes difficulties in the interpretation of the seismic signature. A geologic model was
produced to replicate the Clinton interval and its multiple attributes that lead to specific
seismic signatures (Figure 8.8). Parameters of the units underlying and overlying the
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Clinton interval are held constant as represented in the previous models. The changes
made represent variations within the Clinton interval. Variations of sandstone and shale
thickness were modeled in each of the units, White, Red, and Stray Clinton. In the
model, the lower sandstone within the Clinton interval represents the White Clinton and
the upper sand represents the combination of basal Stray and the upper Red Sandstones.
Figure 8.9 represents the synthetic seismic signature produced from the geologic model.

The Clinton and Medina reflections vary in seismic signature based upon the side
lobe interference effects caused by thin bed tuning of multiple sand bodies within the
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Clinton interval. The synthetic model produced replicates these signatures. The
signatures are compared to the acquired seismic data and geophysical logs from wells
within the fresnel zone approximately 500ft from an individual CDP. The Clinton
intervals seismic signature is consistent in both synthetic and acquired data when there
are minor amounts of Red and Stray Clinton sand and good accumulations of White
Clinton sand. Figure 8.10 represents the field data showing a consistent Clinton
reflection between CDP 600 and 610. This conclusion is supported by well 3415160290
(Figure 8-11). Large amounts of White Clinton sand and minor amounts of Red and
Stray Clinton sand also produce a single refection or combining of the Clinton and
Medina reflections. This is evident in both the synthetic seismic signature (Figure 8.9)
and acquired data (Figure 8.12) and is supported by well 3415122192 (Figure 8.13).
Area’s with high sand concentration in the White Red, and Stray Clinton produces a
seismic signature seen in Figure 8.14 at CDP 290. This signature was replicated using
the synthetic geological model (Figure 8.8 and 8.9) and is supported by well 3415120152
(Figure 8.15). Complete loss of the Clinton seismic signature is evident in both the
synthetic data (Figure 8.9) and acquired data (Figure 8.16) and is the result of good sand
accumulation in the Red and Stray Clinton with a minor amount of sand in the White
Clinton. This is supported by the logs from well 3415120975 (Figure 8.17).
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9.0 SUMMARY AND CONCLUSIONS
The Clinton interval in Stark and Summit Counties, Ohio is a complicated interval
with multiple interbedded sandstone and shale subunits,White, Red, and Stray Clinton.
The thickness of the Clinton ranges from 60-110 ft. The Clinton reservoir has multiple
controlling factors which lead to areas of greater production.
The White Clinton shows the most lateral continuity with minor pinch-outs.
Sandstones within the White are often massive and contain the greatest concentration of
pure sand. The Red Clinton sandstones are characterized as thin and discontinuous at the
base and massive at the top with greater concentrations of clean sand and lateral
continuity. The Stray Clinton contains the least amount of clean sand. The increase of
shale content causes thin discontinuous pods of sand. Overall, the White and Red Clinton
are comparable in terms of thickness, while the Stray Clinton is much thinner. Dip cross
sections display a trend of decreasing sand content to the west, while sections along strike
vary upon location.
The Clinton interval in Stark and Summit Counties is consistent with Ryder’s
(2004) interpretation of multiple sequences of deposition. The sandstones of the White
and Red Clinton fall within an interpreted high stand systems tract. Ryder defines these
sandstones in his Sequence 1. In the study area, the White and Red Clinton’s gamma ray
response displays a coarsening upward signature consistent with Ryder’s previous
interpretations associating these sandstones with barrier bar and shore face deposits.
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Ryder interpreted the Stray Clinton as sequence 3. His interpretations correspond to a
transgressive systems tract. The Stray Clinton’s fining upward gamma ray signature is
interpreted to be fluvial and estuarine deposits
Lithologic controls on production were inferred by plotting initial production data
against net sand values of individual wells. In some areas high net sand thickness
correlates with high initial production, but in other areas there is no correlation or indeed
an inverse relationship. Graphs of 50% clean sand vs. production show a weak trend
with much scatter, indicating some lithologic control on production. Interpretation of the
data illustrates that higher production values within the Clinton interval are not entirely
controlled by lithology.
The Clinton intervals seismic signatures were successfully replicated by forward
modeling using various Clinton attributes. The seismic signature of the Clinton interval
is characterized by thin bed tuning associated with side lobe interference effects from
various units between and including the Dayton Formation and Medina sandstone. These
effects are dependent on velocity variation and contrasts in acoustical impedance. This
produces multiple Clinton signatures. Different seismic signatures with similar lithologic
characteristics are the result of varying thickness of both the Clinton and under and
overlying stratigraphy. As in any geologic system limitations and uncertainty in
available data limit the understanding of all components.

76

REFERENCES

Bonine, C. A. (1915). Antoclines in the Clinton Sand Near Wooster County, Ohio.
Department of the Interior United States Geological Survey , 87-98.

Catuneanu, O. et al. (2009). Towards the standardization of sequence stratigraphy.
Elsevier , 1-33.

Gerst, J. et al. (2007) MRCSP Geologic Sequestration Test Sites. Sixth Annual
Conference on carbon Capture and Sequestration. Pittsburgh, Pa.
<http://www.netl.doe.gov/publications/proceedings/07/carbonseq/data/papers/tue_092.pdf>

Peper, J. F. (1953). The "Clinton" Sands in Canton, Dover, Massillon, and Navarre
Quadrangles, Ohio. Geological Survery Bulletin 10003-A , 1-13.

Keltch, B. (1985). Depostional System and Reservoir Quality of the Clinton sandstone,
Guernsey County, Ohio. Cincinnati, OH.

Knight, W. V. (1969). Historical and Economic Geology of Lower Silurian Clinton
Sandstone of Northeastern Ohio. The American Association of Petroleum Geologist
Bulletin , 1421-1451.

Lockett, J. R. (1927). General Structure of the Producting Sand in Eastern Ohio: In
Structure of Typical American Oil Fields. American Association of Petroleum Geologists,
1421-1451.

Motia, B. D. (1984). Clinton Subsurface Geology in Parts of Portage and Summit
Counties, Ohio. Akron, OH.

Ryder, R. T. (2004). Stratigraphic Framework and Depositional Sequences in the Lower
Silurian Regional Oil and Gas Accumulation, Appalachian Basin: From Ashland County,
77

Ohio, Through Southwestern Pennsylvania to Preston County, West Virginia. USGS , 111.

Ryder, R. T. (2000). Stratigraphic Framework and Depositional Sequences in the Lower
Silurian Regional Oil and Gas Accumulation, Appalachian Basin: from Jackson County,
Ohio, through Northwestern Pennsylvania, to Orleans County, New York. USGS , 1-8.

Shafer, W. E. (1985, January 29). Clinton Pannel Discussion. Columbus, Ohio: Ohio
Geological Society.

Slucher, E. R. (2004). Generalized Colum of Bedrock Units in Ohio. Retrieved October 1,
2009, from http://dnr.state.oh.us/Portals/10/pdf/stratcol.pdf

Smiraldo, M. S. (1985). Lithology, Porosity Development, and Silica Cement Source of
the "Clinton" Formation in Eastern Ohio. Akron, OH.

Overbey, W. K. (1971). History, Development and Geology of Oil Fields in Hocking and
Perry Counties, Ohio. The American Association of Petroleum Geologist Bulletin , 183203.

Wagner, J. R. (1978). Tidal Depositional Cycles in the Silurian Clinton Formation.
Bulletin of the South Carolina Academy of Science , 92.

Walters, G. M. (1980). The Subsurface Stratigraphy and Petroleum Geology of the
"Clinton" Sandstone (Lower Silurian), Northwest Ohio. Kent-State

78

11.0 APPENDIX A
List of depositional cross sections 1-8
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Cross Section 1

West
1,297 ft

914 ft

976 ft

380 ft

920 ft

1,309 ft

1,462 ft

947 ft

696 ft

1,023 ft

1,326 ft

1,828 ft

1,354 ft

1,412 ft

1,142 ft

3,456 ft

2,098 ft

East
2,232 ft

2,167 ft

2,517 ft

629 ft

2,566 ft

1,546 ft

1,768 ft

1,054 ft

733 ft

951 ft

2,022 ft

1,532 ft

1,373 ft

1,747 ft

2,238 ft

3,753 ft

B-Packer

B-Packer

T-Stray
T-Stray

T-Red

T-Red

MFS 3
T-White

MFS 3
T-White

Legend
Sand
Shale

MFS 2

Cross Section 2

West
1,065 ft

1,000 ft

1,167 ft

904 ft

1,157 ft

1,463 ft

2,246 ft

2,925 ft

2,189 ft

142 ft

1,002 ft

1,918 ft

1,499 ft

1,766 ft

1,433 ft

East
1,501 ft

1,400 ft

1,489 ft

1,163 ft

1,292 ft

781 ft

1,654 ft

1,024 ft

2,101 ft

1,884 ft

1,359 ft

1,942 ft

1,096 ft

2,155 ft

1,975 ft

B-Packer

B-Packer

T-Stray
T-Stray

T-Red
T-Red

MFS 3
T-White

MFS 3
T-White

Legend
Sand
Shale

Cross Section 3

West
998 ft

1,776 ft

1,193 ft

1,228 ft

1,509 ft

1,944 ft

2,636 ft

1,470 ft

1,220 ft

1,253 ft

1,667 ft

874 ft

East
1,619 ft

1,741 ft

1,390 ft

1,278 ft

607 ft

1,270 ft

1,220 ft

1,233 ft

1,346 ft

1,587 ft

1,656 ft

B-Packer

B-Packer

T-Stray

T-Stray

T-Red
T-Red

MFS 3
MFS 3

T-White

Legend

MFS 2

Sand
Shale

Cross Section 4

West
1785 ft

1117. ft

1270 ft

1369 ft

1320 ft

1297 ft

1402 ft

East
1381 ft

2695 ft

4446 ft

1381 ft

1307 ft

1015 ft

B-Packer

T-Stray

T-Red

MFS 3
T-White

Legend
Sand
Shale

Cross Section 5

North
1,633 ft

1,422 ft

2,087 ft

1,670 ft

2,746 ft

1,008 ft

403 ft

878 ft

1,759 ft

South
1,066 ft

2,308 ft

1,174 ft

1,458 ft

720 ft

1,297 ft

2,566 ft

B-Packer

B-Packer

T-Stray

T-Stray

T-Red

T-Red

MFS 3
MFS 3
T-White

T-White

MFS 2

Legend
Sand
Shale

Cross Section 6

North
1,523 ft

1,363 ft

2,931 ft

1,266 ft

2,517 ft

1,465 ft

1,356 ft

1,439 ft

South
1,300 ft

1,548 ft

1,461 ft

1,353 ft

1,238 ft

1,312 ft

B-Packer

B-Packer

T-Stray
T-Stray

T-Red
T-Red

MFS 3
T-White

Legend
Sand
Shale
MFS 2

Cross Section 7

North
1,898 ft

919 ft

874 ft

1,758 ft

1,990 ft

South
1,858 ft

1,950 ft

704 ft

1,053 ft

1,151 ft

B-Packer

B-Packer

T-Stray

T-Stray
T-Red

T-Red
MFS 3
T-White

MFS 3
T-White

Legend
Sand
Shale

Cross Section 8

North
1,712 ft

1,474 ft

1,256 ft

978 ft

819 ft

South
703 ft

1,064 ft

984 ft

431 ft

B-Packer

B-Packer

T-Stray
T-Stray

T-Red

T-Red

MFS 3

MFS 3
T-White

Legend
Sand
Shale

